Sand encroachment into urban areas represents a high risk factor for transportation infrastructural and urban development in the United Arab Emirates. The UAE is located in one of the world's largest arid regions with a strong prevalence of sand movement and encroachment into urban areas, particularly in the last few years. The objective of this research is to develop a land surface process platform that models sand movements and further generates an encroachment risk index map of potential encroachment risk areas season-wise in the UAE. To achieve this objective, this research used elevation and land cover maps generated from Lands at 8 Operational Land Imager (OLI) data which represent the topography of the study area coupled with meteorological information on wind speed, temperature and precipitation. Furthermore, the study considered the vegetation cover as a major contribution factor to reduce sand encroachment. Using developed sand movement model for this research, sand encroachment risk maps were generated to help urban planners in cities making informed decisions of future urban protection structures and transportation networks that mitigate the effects of sand dunes encroachments in the UAE. A major finding of this research results conclude that during the summer season encroachment risk reaches 30% higher compared to the winter season due to the extremely high temperature which leads to reduced vegetation in the country. Urban planning decision maker may consider the finding of this research for future infrastructural adjustments.
Introduction
In the last few decades, anthropogenic activities and economic development have been significantly impacted by variability of climate. These impacts are strongly linked to the occurrence of geomorphological hazards, such as floods, landslides, snow avalanches, soil erosion, and others [1] . Aeolian sand and sand dunes encroachment into urban areas is a phenomenon occurring in many arid and semi-arid regions of the world. In the past few decades, the phenomenon has been further aggravated by agricultural and industrial activities [2] . The UAE is located on the Southeastern limit of the Arabian Peninsula between latitudes 22˚50'-26˚4' north, and longitudes 51˚5'-56˚25' east. The UAE has a total area of approximately 83,600 km 2 with major geomorphological features. The UAE landscape is diverse and comprises high mountain regions particularly along the border with Oman, coastal sandy beaches along the Arabian Gulf and the sea of Oman, and vast inland deserts. The UAE deserts cover a significant portion of the total area of the country and are largely dominated by different types and shapes of sand dunes. These sand dunes range from smaller size sand pockets to massive dunes-particularly in the southern part of the country, making them a dominant landscape feature in the UAE.
Aeolian sand dunes cover large areas representing about 10% of the land between latitude 30˚N and 30˚S [3] . Aeolian sand dunes are common in the United Arab Emirates (UAE) because of the country's climate, that is characterized by rare rainfalls, high summer temperatures reaching 50˚C combined with a lack of vegetation cover, as well as solid wind patterns. The climate of the UAE is extremely arid with sporadic low average rainfall of 110 mm occurring in winter only. Sand dunes movements occur frequently in the UAE due to the arid land climatic conditions. Sand dune movements expand to new areas as a result of degraded soil and insufficient vegetation cover. The arable land in the UAE represents only 0.5 percent of the total land area of the country (83,600 km 2 ) [4].
In the early 1970s, after the creation of the UAE, the country has embarked on an impressive transformation into a modern state, urbanization and infrastructure development. The country has built a highly sophisticated urban infrastructure, modern cities and towns, and large telecommunication and transportation networks. However, frequent sand dune movements continued to pose a major ongoing environmental challenge facing the newly built urban infrastructure.
The process of sand movement is a common phenomenon in desert regions especially in the Middle East and other African desert regions. The interaction of wind with sand leads to sand particles suspension, causing sand encroachment in and around human settlements. For example, in many parts of the UAE sand encroachment has caused a notable damage to transportation road and highways as a result of continuous accumulation and deposition of sand particles on the asphaltroads.
Sand encroachment into urban areas, transportation networks (Figure 1) , si-N. Alhosani Journal of Geographic Information System milarly airports and other facilities alsoconsidered a major threat to the country's urban infrastructure. Furthermore, it adds significant pressures on urban and town planners in their decision making regarding future landuse and infrastructure development.
Sand encroachment occurs when sand particles are carried and transported by the action of wind and deposited elsewhere [5] . In the UAE as sand is transported and deposited elsewhere it buries transportation networks, residential buildings, palm trees and agricultural plantations. Various physical factors contribute to the transport of large masses of sand. The key important factors are the availability of dry and bare sand particles, violent blowing winds, absence of vegetation cover leading to smoother land surfaces, and the absence of rainfall. 
Study Area
The study area is located on the eastern part of the emirates of Abu Dhabi and Sharjah encompassing the cities of Al Ain, Nahil, Al Shuwib, Al Madam and Al Dhaid ( Figure 2 ). This area, in particular, is prone to sporadic sand movement and encroachment into urban areas and transportation networks. Furthermore, while the area is dominated by desert surfaces, it still has diverse land cover types [14] [15] [16] . In addition to the desert surfaces, there are mountain series along the border with Oman, urban residential areas and date palm trees and vegetable farms representing economic development occurring in the study area.
The total area of study area is 11,479 Sq. Km.
Data
The Landsat 8 OLI scene (path 160 and row 43) acquired on July 24, 2015 that covers the study area, was downloaded from the United States Geological Survey 
Methodology
Six parameters listed in Table 1 was used for grouping and implementation of the modeling of sand encroachment. These parameters are slope, NDVI, rainfall, temperature, wind speed, and soil. Layers were given weight percentage based on factors influencing sand encroachment and they were also ranked according to probability of causing sand encroachment. The highest weight percentage were assigned for soil is 30% because, the soil roughness is one of important factor affecting the sand movements [17] . The second highest weight percentage was given for wind speed i.e. 25%. The other remaining factors like slop, NDVI rainfall, and temperature the weight percentage was given 20%, 15%, 7%, 3% respectively.
The soil types found in the study area are Aeolian Sand, Calcareous Sand, Sand and Gravel, Rock outcrop. According the possibility of sand encroachment,
we have categorized them into high, medium, low and very low and also ranked them. Similarly, other parameters (Slope, NDVI, rainfall, temperature and wind Journal of Geographic Information System speed) were reclassified into the 5 classes and ranked them accordingly to very low, low, medium, high and very high. Table 2 shows weight percentage and ranks for each layer. Figure 4 showing the methodology process describes all the processing and analysis that have been conducted to fulfill the objectives of this research. The figure depicts the process of data gathering, analysis, producing targeted indices, reclassification, apply weights and ranks. Three types of datasets were used for the sand encroachment risk mapping of the study area. The first dataset is satellite imagery. The second data set is the elevation data such as Digital Elevation Model (DEM). The third data set is the seasonal climatic data (obtained from the National Centre for Climate and Seismology (NCCS)) for the months of January, March, July and October. These data were recorded from weather stations namely Al Malaiha, Al Shiweb, Alain Airport, Al Dhaid, and Hatta. Figure 5 describes the important process of sand dune encroachment risk index calculation in model builder. The land cover types in the study area included a mountain range between Oman and the UAE, rock outcrops, urban residential areas, scattered plantations of date palm and vegetables, transportation networks and different sand types. Of particular importance here are the different sand types within the study area. There are three different types represent the major surfaces that provide varying amounts of sand for the wind to transport and distribute within the study area.
The sand and gravel land cover type which provides smaller amounts of sand to be transported by the wind action has been deemed to be the area with the lowest risk for sand movement. The movement of the sand from one to other land cover is usually slowed significantly by the presence of the gravel pieces which come in different sizes. Aeolian sand covers the major dunes in the area and usually contains more iron oxide giving it a reddish color [18] . Also, this type of sand encompasses a low level of calcareous and silica and has a much finer sand particle size that is easy to transport. Calcareous sand contains huge amounts of calcium carbonates. It also covers the salt flats deposits located in close proximity to the coasts. The calcareous sand particles are usually transported from coastal regions by means of wind, water, and through evaporate deposit. It is usually found closer to the coastal areas and decreases towards the sand dunes areas. Its sand particles are much slower to move in comparison to the sand particles in aeolian sand types. Figure 6 shows the land cover map for the study area resulting from the classification process.
The meteorological data represented the mean monthly values of temperature, wind speed, and rainfall. An interpolation process was carried out to generate wind speed, temperature and rainfall layers for the study area using the data from the five climate weather stations. Interpolation process helps to predict the value of the attribute at unsampled sites from measurements made at point locations within the same area or region.
The applied IDW interpolation method helps to estimate cell values by averaging the values of sample data points in the neighborhood of each processing cell. IDW Interpolation method assumes that the characteristics of the surface are driven by local variation. It works best if the sample points are not clustered but evenly distributed throughout the area. The closer a point is to the center of the cell being estimated, the more influence, or weight it has in the averaging process. Journal of Geographic Information System Figure 6 . Land cover types of the study area.
The model developed here identifies the level of risk using the varying magnitudes of the key factors that act on sand transport. Careful observations of the land cover within the study area is needed for quantifying the intensity of sand encroachment. Aeolian sand is the potential source for major sand movement, with calcareous sand being the one with the medium level of sand movement.
Areas of sand and gravel represent the land cover where the potential of sand movement is the lowest. The four months January, April, July and October were selected in this study to reflect the four seasons Winer, Spring, extremely hot Summer, and warm summer respectively in the arid region of UAE.
The mere presence of sand particles is not the only driving factor for sand movement because the power of any wind to erode or move sand particles, upwards or downwards, is primarily controlled by two major factors. The first factor is related to the speed of the wind moves and its ability to move sand. The second factor is the surface roughness within the study area which is dependent on the vegetation plantations and the presence or absence of wet sand. Vegeta-N. Alhosani Journal of Geographic Information System tion cover act as a barrier and significantly reduce the ability of wind to move sand. Sand movement after a rainfall episode is also significantly reduced as the sand particles get clumped and compacted together.
Varying degrees of violent blowing winds, the absence of vegetation cover, and the absence of rainfall (or wet sand) are the primary factors to delineate the area of being a high, medium or low risk for sand movement within the different land cover types. Physical geography defines threshold velocity as the velocity required to cause entrainment in the erosional agents of wind.
Results and Discussion
The three sand movement risk zones (High, Medium and Low) were generated for the months of January, April, July and October, 2015. As per the month January is considered, the area covered by the low, medium, high-risk zone, Table 2 shows monthly (Seasonal) wise sand encroachment by areas and their percentage. Figure 7 shows the sand encroachment maps of January, April, July, and October 2015. The yellow color in these maps depicts the low-risk zone, which mainly occupied the northern part of the study area. The blue color shows the Medium risk zone areas and it is mainly seen in the western and northwestern parts of the study area. The red color in the map shows the sand high-risk zone and it is mainly in the central and southern part of the study area. The study reveals that the surface roughness and weather are the important factors affecting the sand movement. Wherever Aeolian sand, high wind speed, high temperature, and low rainfall are there, there will be a high possibility of sand movement.
The results demonstrated the accuracy of the model in identifying various levels of sand movement areas within both sand cover types. The areas within the The model worked effectively in identifying areas of high, medium and low risks using key parameters such as wind speed, temperature, rainfall, NDVI, soil, and slope. The model was applied to only four-month worth of meteorological data as a proof of concept. However, to overcome the study limitation it is necessary to have more integrated and enhanced study using wind pattern and dynamics. Further investigations are planned to finely tune the model for more N. Alhosani improvements through the incorporation of other surface and meteorological parameters. In the future, the model will be improved further through the introduction of seasonal variations of the wind speed pattern, temperature, rainfall, the slopes, orientations and sizes of sand dunes, as well as sand particle size and humidity. It is believed that through the introduction of these parameters, better and much more accurate risk maps can be generated to aid in the process of urban planning in the UAE.
Conclusions
In this study we have developed sand movement models for the surfaces in UAE.
This was produced according to the factors like wind speed, temperature, precipitation, vegetation and surface roughness of the study area to identify and produce the map i.e. high, medium, and low-risk sand movement areas. The significance of this study shows that during summer season UAE witnessed the high sand encroachment. About 30% of the total area is found high sand encroachment in the months of January, April, July, and October to reflect the four sea- Figure A7 . Sand movement developed risk zones (full months).
